The effect of cooling rate on the evolution of AlN inclusions precipitated during solidification in FeCrAl stainless steel was investigated using an experimental study and thermodynamic and kinetic calculations. The number and size of AlN inclusions precipitated under different cooling rates were examined with the feature function of the field-emission scanning electron microscope. A model combining micro-segregation and the diffusion-controlled growth model was set up to determine the mechanism of AlN particle growth. The results showed that AlN precipitates in the mushy zone. The size of AlN particles decreases and the number of AlN particles increases with increasing cooling rate, whereas the volume fraction is essentially unchanged. The AlN particles grow during solidification after the content of solutes in molten steel has exceeded the concentration in equilibrium with AlN. The nitrogen content varies significantly with the cooling rate during solidification. Increasing the cooling rate and reducing the nitrogen content in the molten steel can reduce the AlN particle size in FeCrAl alloys as the growth time decreases.
Introduction
FeCrAl stainless steel is an ideal material for the production of automotive exhaust gas purifier carriers due to its excellent high-temperature oxidation resistance and low thermal expansion coefficient [1, 2] . In order to form a dense aluminum oxide film at high temperatures to obtain good oxidation resistance, the Al content in FeCrAl stainless steel is usually above 3% [3] . The thickness of the steel foil used is only 30-50 µm, and a suitable solidification structure with good plasticity is required in order to ensure reliable yield and surface quality. The composition, size and distribution of inclusions significantly affect the structure and properties of the cast slab [4] . There have been many reports on the characteristics of Al 2 O 3 and AlN inclusions in regular Al-killed steels [5] [6] [7] [8] . In these steels, the dissolved oxygen is very low because of the strong deoxidizing power of Al and thus there is relatively little oxide precipitation during solidification [9] . In the FeCrAl stainless steel, AlN inclusions are the dominant precipitates [10] . These inclusions cannot play an effective role in the heterogeneous nucleation of ferrite and can also cause embrittlement and induce cracking phenomena such as rock candy fracture during continuous casting and hot rolling [11] [12] [13] . Some authors [14, 15] report that the AlN precipitates cause low hot ductility by inhibiting dynamic recrystallization and by grain boundary pinning, which is considered to facilitate void formation. Thus, it is important to control the precipitation of AlN inclusions in FeCrAl stainless steel.
Most of the inclusions formed during the deoxidation of steel are removed in the process of argon stirring in the ladle and the remainder should be removed in the tundish. Ideally, there should be almost no inclusions in the steel during the casting process [16] . However, in the mold, inclusions can form in the molten steel for two reasons: the equilibrium solubility product decreases with the decrease in temperature, and the solutes are redistributed at the solidification front. During the solidification of steel, micro-segregation results in an enrichment of solutes in the liquid phase, which can lead to the formation and growth of the inclusions [17] . Han et al. [18] found that during solidification, AlN precipitated after the solid fraction reached 0.85 in FeCrAl stainless steel which contained 0.02-0.06 weight percent Ti.
To gain a deeper understanding of the formation and growth of inclusions in steel, thermodynamics and kinetics have been widely applied for the evaluation and control of inclusion formation during casting. There are three mechanisms contributing to the growth of inclusions: diffusion-controlled growth, collisions and coarsening [19] [20] [21] . Many experimental and mathematical studies [22] [23] [24] [25] [26] [27] [28] have been carried out on micro-segregation and inclusion precipitation during solidification. However, in most models, the micro-segregation of solute elements and the precipitation of inclusions were calculated separately, which tends to overestimate the degree of micro-segregation and the amount of inclusions. Thus, coupled micro-segregation and thermodynamic models are advantageous for the precise evaluation of inclusion formation during solidification.
The cooling rate is one of the critical parameters in the solidification process which has an important influence on the formation of crystal grains, the growth of crystals, and the size and distribution of precipitates. Controlling the cooling rate to obtain optimal microstructure and precipitates is of great significance with respect to the optimization of the controlled rolling process and subsequent cooling of the steel sheet.
In the present work, the cooling rate was varied during unidirectional solidification to determine the effect on the precipitation of AlN in FeCrAl stainless steel. The morphology, number density and size distribution of AlN particles were quantitatively analyzed in samples solidified under different cooling rates. The precipitation of AlN was also predicted using a micro-segregation model combined with a diffusion-controlled growth model. Based on relevant solidification parameters, the enrichment of solutes in molten steel and the size of the AlN particles formed during solidification have been calculated. The results predicted from the model have been compared with observations of inclusions in the FeCrAl alloy samples.
Materials and Methods
An FeCrAl alloy ingot was produced in a 25 kg vacuum induction furnace with commercial purity materials. The chemical composition of the alloy is given in Table 1 . Rod samples, 5.5 mm in diameter and 110 mm in length, were cut from the ingot, and placed in an alumina tube which was located within a vacuum Bridgeman unidirectional solidification furnace, a schematic diagram of which is shown in Figure 1 . All the tests were performed under an argon atmosphere to avoid specimen oxidation. Four rod samples (labeled A, B, C and D) were heated to 1873 K at a constant heating rate of 10 K/s, held for 30 min and then directionally solidified under a constant temperature gradient (1.5 × 10 4 K/m) at a growth rate of 25 µm/s, 50 µm/s, 100 µm/s and length of the samples was 50 mm and at the end of the experiments, the samples were quenched with liquid coolant. The quenched samples were sectioned in the middle along the growth direction, on which the morphology of inclusions was observed with a field-emission scanning electron microscope (FESEM, MLA 250, FEI Quanta, Hillsboro, OR, USA) after the conventional polishing. Then, the composition, number and size of the inclusions in the area of 59.5 mm 2 within the first 20 mm length of each sample were measured automatically with the feature function of the FESEM. The size of the particle equals the diameter of the disc of equal area content. 
Results and Discussion

Morphology of AlN Particles
According to FESEM observations, AlN is the dominant precipitate in the experimental FeCrAl stainless steel. Typical AlN particles observed in different samples are shown in Figure 2 . The planar sections of most of the AlN particles are hexagonal for all four cooling rates. The quenched samples were sectioned in the middle along the growth direction, on which the morphology of inclusions was observed with a field-emission scanning electron microscope (FESEM, MLA 250, FEI Quanta, Hillsboro, OR, USA) after the conventional polishing. Then, the composition, number and size of the inclusions in the area of 59.5 mm 2 within the first 20 mm length of each sample were measured automatically with the feature function of the FESEM. The size of the particle equals the diameter of the disc of equal area content.
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Morphology of AlN Particles
According to FESEM observations, AlN is the dominant precipitate in the experimental FeCrAl stainless steel. Typical AlN particles observed in different samples are shown in Figure 2 . The planar sections of most of the AlN particles are hexagonal for all four cooling rates. 
Number and Size Distribution of AlN Particles
The number of AlN particles per unit volume of steel, (m −3 ), was obtained using the Saltykov and Fullman equations (Equations (1) and (2)) [29] . The volume fraction of inclusions, , was calculated using Equation (3).
where (m −2 ) is the number of AlN particles per unit area in steel, (m) is the apparent diameter of the ith AlN particle, n is the total number of AlN particles that have been measured, and ̅ (m) is the harmonic mean of AlN particle diameters.
The results of calculation for the average size, number density and volume fraction of AlN in FeCrAl alloys with different cooling rates are shown in Figure 3 . As the cooling rate increases from 0.375 K/s to 3 K/s, the average size of the AlN particles decreased from 8.09 μm to 4.99 μm and the number density increased from 17.85 mm −2 to 43.92 mm −2 , whereas the volume fraction was relatively unchanged. This confirms that AlN precipitated under the experimental conditions and that the size and number of AlN particles changed with the varying cooling rate, although there was no significant change in the total mass of AlN. 
The number of AlN particles per unit volume of steel, N V (m −3 ), was obtained using the Saltykov and Fullman equations (Equations (1) and (2)) [29] . The volume fraction of inclusions, V V , was calculated using Equation (3) .
where N A (m −2 ) is the number of AlN particles per unit area in steel, d i (m) is the apparent diameter of the ith AlN particle, n is the total number of AlN particles that have been measured, and d (m) is the harmonic mean of AlN particle diameters. The results of calculation for the average size, number density and volume fraction of AlN in FeCrAl alloys with different cooling rates are shown in Figure 3 . As the cooling rate increases from 0.375 K/s to 3 K/s, the average size of the AlN particles decreased from 8.09 µm to 4.99 µm and the number density increased from 17.85 mm −2 to 43.92 mm −2 , whereas the volume fraction was relatively unchanged. This confirms that AlN precipitated under the experimental conditions and that the size and number of AlN particles changed with the varying cooling rate, although there was no significant change in the total mass of AlN. 
The results of calculation for the average size, number density and volume fraction of AlN in FeCrAl alloys with different cooling rates are shown in Figure 3 . As the cooling rate increases from 0.375 K/s to 3 K/s, the average size of the AlN particles decreased from 8.09 μm to 4.99 μm and the number density increased from 17.85 mm −2 to 43.92 mm −2 , whereas the volume fraction was relatively unchanged. This confirms that AlN precipitated under the experimental conditions and that the size and number of AlN particles changed with the varying cooling rate, although there was no significant change in the total mass of AlN. In Figure 4 , a comparison is shown of the diameter distribution of AlN particles with different cooling rates, calculated from the measured results which were obtained using the feature function of the FESEM. When the cooling rate is 3 K/s, most of the AlN particle diameters are less than 8 μm and their cumulative frequency is 93%. When the cooling rate decreased to 1.5 K/s, 0.75 K/s and 0.375 K/s, the peak number percentage moved towards a larger size and the cumulative frequencies of AlN particles with a diameter less than 8 μm was 83%, 64%, and 36%, respectively. 
Precipitation of AlN
The thermodynamic conditions for AlN precipitation in the experimental alloy were evaluated with Factsage software by using the "Scheil-Gulliver cooling" option. As shown in Figure 5 , the In Figure 4 , a comparison is shown of the diameter distribution of AlN particles with different cooling rates, calculated from the measured results which were obtained using the feature function of the FESEM. When the cooling rate is 3 K/s, most of the AlN particle diameters are less than 8 µm and their cumulative frequency is 93%. When the cooling rate decreased to 1.5 K/s, 0.75 K/s and 0.375 K/s, the peak number percentage moved towards a larger size and the cumulative frequencies of AlN particles with a diameter less than 8 µm was 83%, 64%, and 36%, respectively. In Figure 4 , a comparison is shown of the diameter distribution of AlN particles with different cooling rates, calculated from the measured results which were obtained using the feature function of the FESEM. When the cooling rate is 3 K/s, most of the AlN particle diameters are less than 8 μm and their cumulative frequency is 93%. When the cooling rate decreased to 1.5 K/s, 0.75 K/s and 0.375 K/s, the peak number percentage moved towards a larger size and the cumulative frequencies of AlN particles with a diameter less than 8 μm was 83%, 64%, and 36%, respectively. 
The thermodynamic conditions for AlN precipitation in the experimental alloy were evaluated with Factsage software by using the "Scheil-Gulliver cooling" option. As shown in Figure 5 , the 
The thermodynamic conditions for AlN precipitation in the experimental alloy were evaluated with Factsage software by using the "Scheil-Gulliver cooling" option. As shown in Figure 5 , the Since AlN inclusions precipitate in the mushy zone and the number and size of AlN particles change with the cooling rate, the coarsening mechanism of AlN was analyzed by combining a microsegregation of solutes model with a diffusion-controlled growth model.
Micro-segregation of solutes was calculated using Ohnaka's equation (Equation (4)) [30] .
where is the concentration of solute in the liquid phase, is the equilibrium distribution coefficient of solute i, is the solid fraction, is the back diffusion parameter, (m 2 s −1 ) is the diffusion coefficient of solute i in a solid, (m) is the secondary dendrite arm spacing and (s) is the local solidification time. According to the results of Factsage calculations, the local solidification times for samples A, B, C and D are 57.39 s, 28.69 s, 14.35 s, and 7.17 s, respectively. Precipitation of AlN began at = 0.743.
The secondary dendrite arm spacing was calculated using the correlation proposed by Won and Thomas [31] which is suitable for carbon contents less than 0.15 mass%.
where is the carbon content in mass percent. Since the FeCrAl alloy corresponds to a ferritic stainless steel, the transition that occurs during the solidification process is the transformation from the liquid phase to the δ phase [32, 33] . The equilibrium distribution coefficient of nitrogen between the δ phase and liquid steel ( ) is 0.25 [16] . The diffusion coefficient of nitrogen in the δ phase was determined using Equation 
The following equilibrium reaction was assumed to exist at the interface between AlN and molten steel. [34] [Al] + [N] = AlN (s) Since AlN inclusions precipitate in the mushy zone and the number and size of AlN particles change with the cooling rate, the coarsening mechanism of AlN was analyzed by combining a micro-segregation of solutes model with a diffusion-controlled growth model.
where C L is the concentration of solute in the liquid phase, k i is the equilibrium distribution coefficient of solute i, f s is the solid fraction, β is the back diffusion parameter, D sol i (m 2 s −1 ) is the diffusion coefficient of solute i in a solid, λ (m) is the secondary dendrite arm spacing and t f (s) is the local solidification time. According to the results of Factsage calculations, the local solidification times for samples A, B, C and D are 57.39 s, 28.69 s, 14.35 s, and 7.17 s, respectively. Precipitation of AlN began at f s = 0.743.
where C C is the carbon content in mass percent.
Since the FeCrAl alloy corresponds to a ferritic stainless steel, the transition that occurs during the solidification process is the transformation from the liquid phase to the δ phase [32, 33] . The equilibrium distribution coefficient of nitrogen between the δ phase and liquid steel (k N ) is 0.25 [16] . The diffusion coefficient of nitrogen in the δ phase was determined using Equation (8) [16] . The following equilibrium reaction was assumed to exist at the interface between AlN and molten steel. [34] [Al] + [N] = AlN (s) (9) ∆G θ = −247, 000 + 107.5T (10) where ∆G θ is the standard Gibbs free energy (J/mol). The equilibrium constant, K, can be written as the following relation using Wagner's formalism [35] : 
The activity coefficient of Al ( f Al ) was substituted for the activity coefficient of Al at 1873 K ( f Al(1873) ). The activity coefficient of N ( f N ) was obtained by Equation (14) [25] .
The values used for the first and second order interaction parameters (e j i and r j i ) are shown in Table 2 . Table 2 . First and second order interaction parameters for the calculation of Al-N equilibrium in FeCrAl alloy at 1873 K [36] . During solidification, the growth rate of AlN may be controlled by the chemical reaction rate at the AlN/steel interface, the mass transport rate of aluminum from steel to the interface, or the mass transport rate of nitrogen from the steel to the interface [37] . Because the interfacial reaction rate is relatively fast at temperatures around 1800 K and the aluminum concentration is much higher than nitrogen, the mass transport rate of nitrogen from steel to the interface is likely be the restrictive step for the growth of AlN particles. The diffusion flux of nitrogen towards the AlN particle can be expressed as:
where J N (kg·m −2 ·s −1 ) is the diffusion flux of nitrogen, D liq N (m 2 ·s −1 ) is the mass transfer coefficient of nitrogen in molten steel and r (m) is the radius of the AlN particle. D liq N (m 2 ·s −1 ) was determined using Equation (16) [38] .
Assuming the AlN particle is spherical, each particle grows independently and AlN particles stop growing once they are entrapped by the solid/liquid interface during solidification. The relationship between J N and the radius of an AlN particle can be expressed by Equation (17). where M AlN is the molar mass of AlN (0.041 kg/mol), M N is the molar mass of nitrogen (0.0014 kg/mol) and ρ AlN is the density of AlN (3.26 × 10 3 kg·m −3 ). Combining Equation (15) with Equation (17), the growth of an AlN particle is expressed by Equation (18) [9, 26, 39] .
where r(t) (m) is the radius of an AlN particle after time t (s) during solidification from liquidus to solidus temperature, ρ Fe is the density of iron (7.07 × 10 3 kg·m −3 ), C N (t) (mass %) is the concentration of nitrogen which is influenced by the micro-segregation between dendritic arms after time t and C equ N (mass %) is the nitrogen concentration in equilibrium with AlN. As mentioned previously, the AlN particles precipitate in the mushy zone. For samples A, B, C, and D, the times from the beginning of solidification to the formation of AlN particles are 19.41 s, 9.71 s, 4.85 s, and 2.43 s, respectively. During the solidification process, nitrogen is continuously enriched in the liquid phase due to the effect of micro-segregation. When the concentration of solutes in molten steel exceeds the equilibrium value with AlN, the AlN particles will grow. The difference between C N (t) and C equ N is considered to be the driving force for AlN growth.
Assuming AlN particles are uniformly distributed in the steel, the steel can be considered in terms of N V spherical volume units, where each volume unit contains only one AlN particle. The radius (l) of the volume unit was calculated using Equation (19) [26] .
The number of AlN particles per unit volume of steel (N V ) for samples A, B, C and D calculated using Equation (1) For the conservation of mass in each volume unit, it follows that the decrease in solute elements in the molten steel is due to the growth of AlN. The mass balance for nitrogen in a volume unit is therefore expressed by the sum of the quantity precipitated as AlN and the remaining dissolved in the steel.
where C 0 N (mass %) is the nitrogen content in molten steel before solidification, and C steel N (t) (mass %) is the average nitrogen content of solid and liquid after time t.
The flow chart for the calculation is shown in Figure 6 . The solid fraction mesh, d f s , is taken to be 0.0001. First, the temperature decreases from 1873 K to the liquidus temperature and then solidification begins.
The nitrogen content in molten steel (C N ) was calculated using Equation (4) . The concentrations of solute elements are enriched in molten steel based on the micro-segregation model. AlN particles form when the concentrations of solutes reach the equilibrium content with AlN (C equ N ), which was calculated by Factsage and Equation (11) . When the concentrations of solutes exceed the equilibrium content with AlN, growth of the AlN particles will take place. The nitrogen content in molten steel was determined by the mass balance shown in Equation (22) .
This calculation was repeated until the solid fraction reached one, which means the solidification process was complete. Figure 7 and Figure 8 show the calculated results for nitrogen content in molten steel during solidification with different cooling rates before and after the precipitation of AlN, respectively. As shown in Figure 7 , before AlN precipitation, the cooling rate has little effect on the variation of nitrogen content in the molten steel with an increasing solid fraction. Figure 8 shows that after AlN begins to precipitate, the variations in nitrogen content for different cooling rates have a similar trend. The nitrogen content in the molten steel first increases and then decreases due to the growth of AlN particles. Figure 9 shows the calculated diameters of AlN particles during solidification at different cooling rates. With increasing cooling rate, the final particle diameter decreases. Based on the AlN formation temperature and the solidus temperature, the total growth time of AlN particles for cooling rates of 0.375 K/s, 0.75 K/s, 1.5 K/s, and 3 K/s are 37.97 s, 18.99 s, 9.49 s, and 4.75 s, respectively, and the particle diameters at the end of solidification are 8.27 μm, 6.60 μm, 5.65 μm, and 5.25 μm. These values are in excellent agreement with the actual measured diameters shown in Figure 3a .
Comparing Figure 8b and Figure 9b , as the cooling rate increases, the solidifying velocity increases and the nitrogen content at the same growth time is higher during the period of nitrogen enrichment. The driving force for the growth of AlN ( − ) increases and therefore the growth rate increases. However, the diameter of the AlN particle at the end of solidification decreases due to the shorter growth time, and the particle is entrapped sooner by the solid/liquid interface.
As shown in Figure 8a , the highest nitrogen concentrations appear at a larger solid fraction with the increase in cooling rate. This is due to the fact that the growth time is shortened with increased cooling rate, and the solutes in molten steel enriched by micro-segregation cannot be consumed within the shorter period. Figure 9a confirms that for the same solid fraction, the size of the AlN particle is larger with the lower cooling rates since there is more time available for particle growth. Figure 8 also shows that, for different cooling rates, the nitrogen contents at the end of solidification are almost identical, which indicates that the total mass of AlN formed at different cooling rates are almost the same. This is consistent with the experimental results shown in Figure  3c . Figures 7 and 8 show the calculated results for nitrogen content in molten steel during solidification with different cooling rates before and after the precipitation of AlN, respectively. As shown in Figure 7 , before AlN precipitation, the cooling rate has little effect on the variation of nitrogen content in the molten steel with an increasing solid fraction. Figure 8 shows that after AlN begins to precipitate, the variations in nitrogen content for different cooling rates have a similar trend. The nitrogen content in the molten steel first increases and then decreases due to the growth of AlN particles. Figure 9 shows the calculated diameters of AlN particles during solidification at different cooling rates. With increasing cooling rate, the final particle diameter decreases. Based on the AlN formation temperature and the solidus temperature, the total growth time of AlN particles for cooling rates of 0.375 K/s, 0.75 K/s, 1.5 K/s, and 3 K/s are 37.97 s, 18.99 s, 9.49 s, and 4.75 s, respectively, and the particle diameters at the end of solidification are 8.27 µm, 6.60 µm, 5.65 µm, and 5.25 µm. These values are in excellent agreement with the actual measured diameters shown in Figure 3a .
Comparing Figures 8b and 9b , as the cooling rate increases, the solidifying velocity increases and the nitrogen content at the same growth time is higher during the period of nitrogen enrichment. The driving force for the growth of AlN (C N − C equ N ) increases and therefore the growth rate increases. However, the diameter of the AlN particle at the end of solidification decreases due to the shorter growth time, and the particle is entrapped sooner by the solid/liquid interface.
As shown in Figure 8a , the highest nitrogen concentrations appear at a larger solid fraction with the increase in cooling rate. This is due to the fact that the growth time is shortened with increased cooling rate, and the solutes in molten steel enriched by micro-segregation cannot be consumed within the shorter period. Figure 9a confirms that for the same solid fraction, the size of the AlN particle is larger with the lower cooling rates since there is more time available for particle growth. Figure 8 also shows that, for different cooling rates, the nitrogen contents at the end of solidification are almost identical, which indicates that the total mass of AlN formed at different cooling rates are almost the same. This is consistent with the experimental results shown in Figure 3c . Figure 10 shows the effect of the nitrogen content on the phase transition temperature. This diagram was calculated with Factsage software based on the composition shown in Table 1 . Although the liquidus and solidus temperatures change little with the increase in nitrogen content, the AlN precipitation temperature increases and therefore the difference between the start of precipitation and the solidus temperature also increases, which means the growth time of AlN is longer for the same cooling rate and the size of AlN particles in the FeCrAl alloy increases.
Based on this analysis, it is confirmed that measures taken to increase the cooling rate and/or reduce the nitrogen content in the molten alloy will decrease the size of AlN particles precipitated in FeCrAl stainless steel. Figure 10 shows the effect of the nitrogen content on the phase transition temperature. This diagram was calculated with Factsage software based on the composition shown in Table 1 . Although the liquidus and solidus temperatures change little with the increase in nitrogen content, the AlN precipitation temperature increases and therefore the difference between the start of precipitation Figure 10 shows the effect of the nitrogen content on the phase transition temperature. This diagram was calculated with Factsage software based on the composition shown in Table 1 . Although the liquidus and solidus temperatures change little with the increase in nitrogen content, the AlN precipitation temperature increases and therefore the difference between the start of precipitation Figure 10 shows the effect of the nitrogen content on the phase transition temperature. This diagram was calculated with Factsage software based on the composition shown in Table 1 . Although the liquidus and solidus temperatures change little with the increase in nitrogen content, the AlN precipitation temperature increases and therefore the difference between the start of precipitation and the solidus temperature also increases, which means the growth time of AlN is longer for the same cooling rate and the size of AlN particles in the FeCrAl alloy increases. Based on this analysis, it is confirmed that measures taken to increase the cooling rate and/or reduce the nitrogen content in the molten alloy will decrease the size of AlN particles precipitated in FeCrAl stainless steel.
Conclusions
The size and number of AlN particles in FeCrAl stainless steel were investigated with the aid of unidirectional experiments in order to determine the mechanism of AlN particle growth during solidification. The observations were then compared with values calculated using a diffusioncontrolled growth model. The results can be summarized as follows: 1. During solidification, AlN precipitates within the mushy zone. The size of AlN particles decreases and the number of AlN particles increases with increasing cooling rate, although the volume fraction is relatively unaffected. 2. The particle sizes predicted with the aid of a diffusion-controlled growth model correlate well with the size of AlN particles observed in samples obtained from the unidirectional solidification experiments. 3. The model results also confirm that AlN particles in the FeCrAl alloy grow during solidification when the solute content in the liquid exceeds the concentration in equilibrium with AlN. 4. The calculated results show that after AlN begins to precipitate, the nitrogen content in the molten alloy varies significantly with the cooling rate. 5. Higher cooling rates result in shorter growth times and consequently AlN particles of smaller size. 6. Smaller AlN particles can also be achieved by reducing the nitrogen content in the molten alloy. 
The size and number of AlN particles in FeCrAl stainless steel were investigated with the aid of unidirectional experiments in order to determine the mechanism of AlN particle growth during solidification. The observations were then compared with values calculated using a diffusion-controlled growth model. The results can be summarized as follows:
1.
During solidification, AlN precipitates within the mushy zone. The size of AlN particles decreases and the number of AlN particles increases with increasing cooling rate, although the volume fraction is relatively unaffected.
2.
The particle sizes predicted with the aid of a diffusion-controlled growth model correlate well with the size of AlN particles observed in samples obtained from the unidirectional solidification experiments. 3.
The model results also confirm that AlN particles in the FeCrAl alloy grow during solidification when the solute content in the liquid exceeds the concentration in equilibrium with AlN. 4.
The calculated results show that after AlN begins to precipitate, the nitrogen content in the molten alloy varies significantly with the cooling rate.
5.
Higher cooling rates result in shorter growth times and consequently AlN particles of smaller size. 6.
Smaller AlN particles can also be achieved by reducing the nitrogen content in the molten alloy.
